ABSTRACT Small non-coding RNAs are essential for development of the sporophyte, the somatic diploid phase of flowering plants. They are integral to key cellular processes such as defense, generation of chromatin structure, and regulation of native gene expression. Surprisingly, very little is known of their presence and function in the male haploid phase of plant development (male gametophyte/pollen grain), where dramatic cell fate changes leading to gametogenesis occur over just two mitotic divisions. We show that critical components of small RNA pathways are expressed throughout pollen development, but in a pattern that differs from the sporophyte. We also demonstrate that mature pollen accumulates a range of mature microRNAs, the class of small RNA most frequently involved in post-transcriptional regulation of endogenous gene expression. Significantly, these miRNAs cleave their target transcripts in developing pollen-a process that seemingly contributes to the purging of key regulatory transcripts from the mature pollen grain. Small RNAs are thus likely to make a hitherto unappreciated contribution to male gametophyte gene expression patterns, pollen development, and gametogenesis.
INTRODUCTION
Small non-coding RNAs (sRNAs) play essential roles in regulating the molecular machinery of eukaryotic cells by controlling, through transcriptional and post-transcriptional mechanisms, processes including chromatin formation and maintenance, defense against selfish and parasitic entities such as transposable elements and viruses, and native protein coding gene expression (Baulcombe, 2004) . Compared with other eukaryotes, plant sRNAs and the molecular pathways that generate them are complex and diverse (Vaucheret, 2006; Grant-Downton, 2008) . In common with metazoans, plants have a wide repertoire of microRNAs (miRNAs) encoded by endogenous loci. These generate imperfect dsRNA hairpin structures that are processed by proteins such as DICER-LIKE1 to form ;21-nt miRNAs that bind complementary sites on target mRNAs. In plants, this typically induces cleavage of the bound transcript and, in Arabidopsis, miRNAs have been shown to target transcripts encoding a wide spectrum of proteins, including transcription factors.
Other classes of sRNAs have been characterized in plants, principally short interfering RNAs (siRNAs) of different sizes. These siRNAs are generated by different mechanisms and have divergent properties, but are generally formed from transcripts recognized as 'aberrant', such as uncapped or improperly capped RNAs, and double-stranded RNA, derived from cis-and trans-antisense gene structures, for example. In this way, RNA from diverse sources such as viruses, transgene constructs, transposable elements, repetitive DNA, and antisense configurations can form the substrates for siRNA formation and subsequent destruction through cleavage. siRNAs also function to guide DNA methylation and chromatin modification at homologous genomic sites (Matzke and Birchler, 2005) .
Our current knowledge of plant sRNA systems and their function is derived almost exclusively from the diploid somatic cells of the sporophyte. The presence and functionality of siRNAs, miRNAs, and other non-coding RNA species in the gametophyte generations (pollen and embryosac) that develop after meiosis remain unexplored. Initial microarraybased analyses of Arabidopsis pollen development indicated a progressive transcriptional 'shut-down' of sRNA pathways (Pina et al., 2005) , but this contrasts with the small number of reports of miRNA identification in maturing pollen by insitu hybridization (Vá ló czi et al., 2006; Sieber et al., 2007) , the repeated effective use of RNAi constructs to knockdown pollen gene expression (e.g. Gupta et al., 2002; Takeda et al., 2006 ) and a recent study revealing developing male gametophytes to be very sensitive to RNAs from non-endogenous DNA, especially RNAi constructs (Xing and Zachgo, 2007) . Most recently, an analysis of the Arabidopsis sperm cell transcriptome has revealed a number of sRNA pathway genes to be expressed in this cell type (Borges et al., 2008) , although the functional importance of these expression patterns remains unknown. Certainly, sRNA pathways are crucial to the functioning of the reproductive systems of other eukaryotes, ranging from the specialized reproductive genetics of ciliates (Yao and Chao, 2005) to germline formation, maintenance, and gamete production in invertebrates and vertebrates (e.g. Megosh et al., 2006; Hayashi et al., 2008) . Not only do sRNA pathway genes differ strikingly between somatic and germline cells in these organisms (Gonzá lez-Gonzá lez et al., 2008) , but also a distinct class of sRNAs (so-called piRNAs) is abundant in germlines (Klattenhoff and Theurkauf, 2007) .
We analyzed cells at different stages of male gametophyte development to verify the expression patterns of all members of the three key gene families that encode critical small RNA pathway machinery and are generally conserved in eukaryotes-ARGONAUTE (AGO), DICER-LIKE (DCL), and RNA-DEPENDENT RNA POLYMERASE (RDR). We also investigated the expression of other genes known to be involved in the miRNA pathway. To discover whether miRNAs are transcribed in pollen, we analyzed mature gametophytes to search for pri-, pre-, and mature miRNAs. 5' RACE was then carried out to reveal whether miRNAs were functional in pollen and, as in the sporophyte, result in cleavage and degradation of their target transcripts. Our data confirmed that (1) sRNA pathways remain active in the male gametophyte, although the expression patterns of much of the sRNA machinery differ substantially from somatic cells, (2) many miRNA genes are also expressed in mature pollen and their products are processed into mature miRNAs and, most importantly, (3) these miRNAs are biochemically active, with the cleavage products of their target mRNAs detectable even in mature pollen. We also provide strong evidence that miRNA cleavage results in the purging of key regulatory factor transcripts from mature pollen.
RESULTS

Small RNA Pathway Genes in Pollen Development
Microarray Analysis
To investigate the expression of genes involved in sRNA pathways during male gametophyte development, we examined our microarray datasets for Arabidopsis gene expression at four developmental stages-unicellular microspore (i.e. immediately post-meiosis), bicellular pollen containing a generative and a vegetative cell (i.e. post-pollen mitosis I), tricellular pollen (i.e. post-pollen mitosis II and containing a vegetative cell and two sperm cells), and in mature pollen (Honys and Twell, 2004) . This analysis included all members of multiple gene families (such as ARGONAUTE, DICER-LIKE, DNA-DEPENDENT RNA POLYMERASE IV, DOUBLE-STRANDED RNA BINDING, RNA-DEPENDENT RNA POLYMERASE) as well as other genes known to function in sRNA pathways (e.g. ATRL12, HASTY). In total, pollen transcriptomic data from Honys and Twell (2004) for 39 genes are set out in Supplemental Table 1A and summarized in Supplemental Figure 1 . For comparison, data from selected sporophytic tissues and cells are also presented in Supplemental Table 1A and Supplemental Figure 1 . The array data reveal expression of sRNA-related genes, some of which were highly expressed in microspores and bicellular pollen, with expression low or absent in tricellular or mature pollen. Nevertheless, and contrasting with the findings of previous work (Pina et al., 2005) , several genes continue expression into the late tricellular and mature stages of pollen development. Importantly, there are striking differences in the pattern of gene expression between the sporophyte and gametophyte (e.g. AGO7, DRB2, RDR1), indicating that sRNA pathway genes may perform different roles in the gametophyte.
RT-PCR Analysis
To validate the array data, RT-PCR analysis was used to investigate expression of three major gene families involved in multiple sRNA pathways (ARGONAUTE, DICER-LIKE, and RNA-DEPENDENT RNA POLYMERASE) at four developmental stages of the Arabidopsis male gametophyte. Expression of genes (in addition to AGO1 and DCL1) with a known function in the conventional miRNA pathway (i.e. HASTY, HEN1, HYL1, and SERRATE) was also explored ( Figure 1A-1E) .
To discover whether the pattern of sRNA pathway gene expression in Arabidopsis is conserved in other species with different developmental programs, we studied Nicotiana tabacum, which undergoes pollen mitosis II in the growing pollen tube, rather than in the anther, as in Arabidopsis. Mature pollen and in-vitro grown pollen tubes (pre-and post-pollen mitosis II) of Nicotiana were analyzed across a time course for expression of homologs of AGO1, AGO4, DCL1, RDR1, RDR2, and RDR6 (Supplemental Figure 2A) . Isolation of Nicotiana sperm cells is possible, so expression of these genes (excepting unexpressed RDR1) in sperm was also determined (Supplemental Figure 2B) . Both experiments corroborate the Arabidopsis data and confirm the expression of sRNA pathway genes during male gametophyte development. The expression of AGO1 and RDR6 in isolated sperm cells strongly suggests that functional sRNA pathways are retained after sperm cell formation.
Micro RNA Expression and Activity in Pollen
Mature miRNA Expression
To confirm whether known sporophytic miRNAs are expressed in mature pollen, as indicated bytwo studies using in-situ hybridization (Vá ló czi et al.,2006; Sieber et al.,2007) , a sample ofpublished sequences in MirBase (http://microrna.sanger.ac.uk/sequences/) was taken covering miRNAs that target a range of mRNAs from transcription factors, including those ofenzymes ofphysiological importance to small RNA pathway genes and, using end-point PCRs with cDNA made from total RNA below 300 nt, the expression of these 16 different families in mature pollen was determined. Figure 2 shows miRNA expression patterns in pollen and sporophyte, with Supplemental Table 2 summarizing the level of miRNA in mature pollen and target gene expression in mature pollen, according to array data derived from Honys and Twell (2004) . The data show that while many mature miRNAs are present in mature pollen, most appear to be expressed at a lower level than in the sporophyte. Of the 16 families tested, only miR164, miR170, miR319, and miR397 appear to be absent.
Controls were carried out to ensure that all PCR products were gametophytic in origin. Using RT-PCR to test for sporophytic gene contamination, a constitutively expressed control (histone H3; Atg40040) was shown to give equivalent bands from pollen and sporophyte. However, two highly expressed sporophytic genes (Photosystem II Light Harvesting Complex gene 2.3, At3g27690, and ribulose bisphosphate carboxylase small chain 1B RBCS-1B, At5g38430) could not be amplified from pollen material (data not shown).
miRNA Precursor Expression
The presence of mature miRNAs does not constitute evidence for their synthesis in the gametophyte, as it is possible that they have persisted from the pre-meiotic sporophyte. Using PCR, we amplified the incompletely processed precursors of mature miRNAs, both primary transcripts (pri-miRNAs) and the partially processed hairpin precursors (pre-miRNAs), from mature pollen cDNA (Figures 3 and 4) . Through investigation of a sub-set of sequences, it proved possible to demonstrate the presence of both types of intermediate, even in terminally differentiated mature pollen (see Figures 3 and 4) . Generally, the expression of these precursors is significantly lower in pollen. For the pre-miRNAs in mature pollen, only 162a, 164a, 394b, and 399a show clearly identifiable bands, whilst 168a, 168b, 171a, 171b, and 171c barely register above background. By comparison, clear signals can be seen for almost all loci in the vegetative control. In the pri-miRNAs, mature pollen showed expression of both 162a and 168a, as predicted by data from both mature and pre-miRNA amplifications. Interestingly, data for both pre-and pri-amplifications of miR162a and miR162b reveal a significant difference in expression between these genes in mature pollen, with levels of miR162b being undetectable (see Supplemental Table 3 ).
MicroRNA-Directed Transcript Cleavage in Pollen
Even the presence of miRNAs in the male gametophyte, coupled with expression of components of the miRNA pathway, does not prove that miRNA-mediated cleavage operates to generate post-transcriptional gene expression changes. As a complete set of antibodies to the protein components of the miRNA pathway is unavailable, the modified 5# RACE procedure (Llave et al., 2002) was used to detect the presence of miRNA-cleaved target transcripts and demonstrate indirectly the functionality of the miRNA pathway in pollen.
Five target genes were selected for 5# RACE analysis: AGO1, as we have shown it is constitutively expressed through pollen development ( Figure 1 ) and targeted by miR168 that is relatively abundant in pollen (Supplemental Table 1A ); DUO1, the generative cell and sperm-specific MYB transcription factor that has a miR159 target site that functions in the sporophyte when ectopically expressed (Palatnik et al., 2007) ; AUXIN RESPONSE FACTOR 17 (ARF17) and AUXIN RESPONSE FACTOR 16 (ARF16), as these are two members of a large transcription factor family (Aloni et al., 2006) and both are regulated by miR160 in the sporophyte; and TARGET OF EAT2 (TOE2), an AP2-family transcription factor regulated by miR172 in the sporophyte. According to microarray data, ARF17 and ARF16 transcripts both show a pattern of high expression in unicellular and bicellular microspores-far higher than in other sporophytic tissues-but display such a reduced expression in tricellular and mature pollen that transcripts are not confidently detectable (Table 1) . RT-PCR on two sites on the ARF17 transcript confirm the absence of ARF17 transcripts in mature pollen and thus support the microarray data ( Figure 5 ). The presence of miR160 in mature pollen suggests that it targets ARF16 and ARF17 transcripts late in pollen development. TOE2 expression shows a very similar pattern according to microarray data (Table 1) Modified 5# RACE was carried out on mRNA from mature pollen, using a primary primer and two (or one in the case of TOE2) secondary nested primers to ensure production of gene-specific products (see Figures 6 and 7, and Table 2 ). Mature aerial plant material was used as a vegetative control. For each gene, except DUO1, both pollen and sporophyte tissue gave products of the size expected to be generated by miRdirected cleavage. These products were cloned and sequenced to determine the exact site of miRNA cleavage, and no differences between sporophyte and male gametophyte in the position of cleavage were evident for ARF17 and AGO1. However, in ARF16 and TOE2, two different nucleotide positions of cleavage were evident in the sporophyte but only a single cleavage product was found in the gametophyte (Table 2) . For DUO1, no products were seen in the sporophyte as expected from its pollen-specific expression pattern ( Figure 6 ).
However, a range of products were generated in pollen, which, when cloned, proved to be composed of DUO1 sequence, but none corresponding with a cleavage event within the miR159 binding site (Table 2) . We also performed 5# RACE on ARF10 transcripts (Supplemental Figure 3) , also known to be the target of miR160 (Liu et al., 2007) , but rather than being completely down-regulated in mature pollen, it is enriched in sperm cells (Borges et al., 2008) . The vegetative control gave a single dominant product corresponding to the expected cleavage product, but, as with DUO1, the mature pollen generated a discrete series of products of different sizes in the same ladder-like pattern (Supplemental Figure 3) .
DISCUSSION sRNA Pathways Are Active during Male Gametophyte Development
Previous analyses of microarray data from Arabidopsis at different stages of pollen formation (Pina et al., 2005; Becker and Feijó , 2007) have questioned the presence of sRNA pathways in mature pollen of Arabidopsis-reporting a progressive loss of sRNA genes during development. Focusing on genes with confirmed or putative roles in sRNA pathways, our microarray data reveal some to show a consistent pattern of expressionwith transcription high in early pollen and subsequently declining-but, importantly, the continuing expression of a few genes into mature pollen (Supplemental Table 1 ). Further, our RT-PCR analysis confirms several genes with roles in miRNA and siRNA pathways-most significantly, AGO1, AGO4, DCL1, RDR2, RDR4, and RDR6-to be constitutively expressed during male gametophyte development, supporting an earlier observation that AGO1 is required for functional male gametophytic development (Kidner and Martienssen, 2005) . Our data are also corroborated by recent array-based analysis of the Arabidopsis sperm cell transcriptome (Borges et al., 2008) , in which almost all the genes we detected in mature pollen by RT-PCR are reported to be present in sperm cells. Intriguingly, this work has shown that several, such as AGO5, AGO9, and DRB4, are highly enriched in sperm cells. On a family-by-family basis, the patterns of gene expression seen in our analysis are intriguing. In the DCL family, the loss of expression of all but DCL1 before pollen mitosis II suggests a paring down of gene expression during pollen maturation, as seen in global transcriptomic studies of pollen development (Honys and Twell, 2004) . The loss of expression of the other DCL family members is unlikely to generate substantial effects, as DCL1 can substitute functionally for other DCLs (Gasciolli et al., 2005) .
The AGO family exhibits a more complex expression patterns. AGO1, AGO4, AGO5, and AGO9 are constitutively expressed during development, indicating that the capacity for miRNA-and siRNA-cleavage and siRNA-guided heterochromatin formation is retained throughout gametophyte development. The functions of AGO2 and AGO9 have yet to be established for Arabidopsis, but both are likely to be involved in RNA binding and/or cleavage (Baumberger and Baulcombe, 2005) , and AGO5 is the sole Arabidopsis representative of the plant-specific MEL1 subfamily, of which MEL1 from rice is essential for reproduction (Nonomura et al., 2007) . AGO5 was also recently shown to bind a unique range of siRNAs derived from intergenic regions (Mi et al., 2008) . Expression of the AGOs (AGO4, AGO5, AGO6) that interact with siRNAs from non-coding regions of the genome would be expected, given the dramatic changes in chromatin states that accompany the development of the sperm and vegetative cells of the male gametophyte.
Strikingly, AGO10 (PINHEAD/ZWILLE) expression ceases between pollen mitosis I and pollen mitosis II. AGO10 is only partially redundant with AGO1 (Lynn et al., 1999) and is expressed in a restricted pattern in the sporophyte, where it confers stem cell characteristics onto meristematic regions (Newman et al., 2002) . The absence of AGO10 transcripts after pollen mitosis II (the final cell division of the plant lifecycle) may reflect the fact that 'stem' characteristics are no longer required in these cells.
The RDR family members that are not constitutively expressed show down-regulation with development, except for RDR5 and RDR6, in which transcripts are absent only from the tricellular phase of development-a pattern mirrored by noticeable down-regulation only at this stage of its close homolog, RDR6. The rationale for these changes is unclear, but activity of an RDR2 homolog is required for trans-generational propagation of paramutation in maize (Alleman et al., 2006) , suggesting that RDRs have important roles in the transmission of epigenetic information from one generation to the next.
Mature pollen of Nicotiana is bicellular and pollen mitosis II occurs post germination in the pollen tube-a difference from Arabidopsis, which can be exploited to generate comparative developmental data. Nicotiana homologs of DCL1, AGO1, AGO4, RDR2, and RDR6 were all found to be expressed in dehisced, dry pollen and also during germination and tube growth (Supplemental Figure 2A) . RDR1 transcripts were absent from all stages of pollen development, perhaps reflecting this gene's unique role in anti-herbivore and anti-viral defense (Yang et al., 2004; Pandey and Baldwin, 2007) . However, of the AGO family, only AGO1 expression persisted after pollen tubes had undergone pollen mitosis II (Supplemental Figure 2A) . These slight differences between Arabidopsis and Nicotiana in expression patterns could be attributed to both developmental differences in the male gametophyte and subtle differences in gene function between taxa (e.g. AGO4, Jones et al., Two sites on the transcripts were amplified, with primers flanking the cleavage sites (CS) and close to the 3' terminus (3'). RNA-only controls gave no bands (data not shown). L, DNA ladder. Figure 2B) , confirming previous array-based reports in maize and Plumbago (www.genome.ou.edu/plumbago.html; Engel et al., 2003) . Surprisingly, RDR6 transcripts were detectable in Nicotiana sperm despite their apparent absence from whole pollen tubes prior to pollen mitosis II (Supplemental Figure 2A and 2B) , suggesting that the unusual transcriptional pattern of RDR5 and RDR6 in Arabidopsis may result from late up-regulation in sperm. Again, Plumbago sperm is reported to contain RDR transcripts (www.genome. ou.edu/plumbago.html).
miRNAs Are Present and Functional in Pollen
Most sporophytic genes are expressed in the gametophyte (Honys and Twell, 2004; Becker and Feijó , 2007) and the presence of miRNAs in the gametophyte is unsurprising (Figure 2) . However, the presence of DCL1 and AGO1, coupled with expression of genes functioning in miRNA biogenesis, confirm that miRNAs are not only present, but also functional in pollen.
Since DCL1 and AGO1 are expressed, the presence of their regulatory miRNAs (miR162 and miR168) was anticipated. Also predictably, miR838 was also detected (data not shown) as it is transcribed from an intron in the DCL1 transcript (Rajagopalan et al., 2006) . The function of these miRNAs would appear to be to maintain steady-state levels of their target transcripts, via a feedback-loop mechanism, as in the sporophyte (Rajagopalan et al., 2006; Xie et al., 2003; Vaucheret et al., 2006) . The miR399 family, present in mature pollen, regulates phosphate metabolism (reviewed in Chiou, 2007) and active phosphate loading of phosphate into pollen (Mudge et al., 2002; Wang et al., 2004) has been reported. The presence of miR399 in pollen points to precise regulation of phosphate metabolism being necessary for the accumulation of reserves, and perhaps for the later heterotrophic growth of the pollen tube. The low levels of other miRNAs (e.g. miR395, miR397, and miR398) may result from the absence of target mRNAs, or the lack of inductive stimuli-for example, miR398 levels respond to changes in sucrose concentration (Dugas and Bartel, 2008) . Strikingly, and with the exception of miR170 and miR319, all miR families targeting transcription factors were detectable in pollen (Figures 2 and 4) . Confirming previous in-situ studies (Vá ló czi et al., 2006), we found miR171 to be detectable in pollen; however, we failed to detect miR164 reliably as a mature miRNA, although its precursors were clearly identifiable (Figure 4) . The presence of miR159 in mature pollen was unexpected, for previous reporter-based work failed to show either miR159a or miR159b expression in anthers . Both miR159a and miR159b were expressed in mature pollen, but not miR159c; mature miR159c is, however, rare in the sporophyte (Palatnik et al., 2007) . The absence of miR319 was also anticipated, given the restricted sporophytic expression of its mRNA target and its reported exclusion from late anther development (Palatnik et al., 2007) .
In events rare elsewhere in plant development, rapid and unidirectional changes in cell fate are established in the male gametophyte over just two mitotic divisions. Uniquely, in the male gametophyte, these changes to cell fate are accompanied by global changes to nuclear chromosome morphology and chromatin structure that are easily discernible. The dual combination of transcription factors and miRNAs is likely to be central to specifying and maintaining divergent cell identities (Hobert, 2008; Makeyev and Maniatis, 2008) . Array data suggest that a major group of 'early' pollen transcription factors, active before pollen mitosis II, is rapidly supplanted by a smaller group of 'late' factors after division (Honys and Twell, 2004) -an event that, if sporophytic, would almost certainly involve miRNAs catalyzing the rapid, specific, and complete removal of transcription factors. While the possibility remains that sporophytic miRNAs persist through meiosis, perhaps through retention in P bodies in the nucleus (Song et al., 2007) , our data confirm that miRNA genes are being transcribed and processed de novo in the gametophyte, with pre-and pri-miRNAs detectable even in mature pollen (Figures 3 and 4) .
To confirm the functionality of miRNAs in pollen, we searched for the 3' fragments generated by miR168 cleavage of AGO1-both genes being expressed at significant levels in mature pollen. The presence of these fragments in mature pollen not only demonstrated that miRNAs function conventionally in pollen, but the retention of the miR168/AGO1 control system in the gametophyte also suggests that the developing pollen grain is susceptible even to slight deviations in AGO1 levels. Such sensitivity is also indicated by the significant segregation distortion seen in male gametophytes carrying strong ago1 alleles (Kidner and Martienssen, 2005) .
miRNA Regulation of Male Gametophyte Development
Our data strongly indicate that miRNAs control transcript abundance in pollen. Array data (Honys and Twell, 2004) confirm that two members of the AUXIN RESPONSE FACTOR (ARF) family (Guilfoyle and Hagen, 2007; Mallory et al., 2005) , ARF16 and ARF17, are expressed strongly until the bicellular pollen stage, when expression decreases to such an extent that ARF17 transcripts cannot be detected in mature pollen. Our finding of 3# fragments from ARF16 and ARF17 at this stage points to this decrease in expression resulting from cleavage by miR160-which is also present in pollen. Although plants expressing miR160-resistant forms of ARF17 under the 35S promoter show numerous phenotypic defects in all organs , including male sterility, and the artificial auxin response element construct DR5 is highly active in pollen (Aloni et al., 2006) , no information is available on the functional role of any ARF in the gametophyte. However, ARF16 and ARF17 are predicted to repress transcription (Guilfoyle and Hagen, 2007; Mallory et al., 2005) and thus their absence from late pollen development points to a requirement for the activation of the genes they regulate.
Evidence that auxin coordinates development within the anther is provided by a recent report focusing on auxin perception mutants (Cecchetti et al., 2008) . Anther development is precocious in these lines, and is associated with premature cytokinesis in the developing pollen grains-suggesting that auxin plays a central role in coordinating pollen maturation with the development and dehiscence of the anther itself. Our data pointing to miR160 targeting ARF16 and ARF17 transcripts for degradation also suggest that regulating auxin perception and auxin responses in the gametophyte may be a key step in regulating the process of pollen development and maturation. It is conceivable that these specific auxin response factors are purged from the post-cytokinetic pollen cytoplasm to isolate the nascent germline from the influence of further local auxin signals. Indeed, neither ARF16 nor ARF17 transcripts are present in sperm cells (Borges et al., 2008) .
To determine whether other key transcription factors are eliminated from post-cytokinetic pollen by miR cleavage, we searched for cleavage fragments from the AP2 family transcription factor TOE2 in mature pollen-the only stage at which TOE2 transcripts could not be confidently detected and at which its targeting miRNA (miR172) is present. The presence of these fragments suggests that miR172 plays a part in the elimination of TOE2 from the pollen (Figure 7) . TOE2 is known to repress flowering (Aukerman and Sakai, 2003) and, intriguingly, the main repressor of flowering, FLC, also shows similar transcriptional dynamics in the male gametophyte (Sheldon et al., 2008) . In early pollen development, the presence of these factors is likely to be essential for repression of ectopic expression of floral development pathway genes (Quesada et al., 2005) , but why they are down-regulated remains unclear (see Table 1 ).
miR-Based Regulation in the Late Stages of Gametophyte Development May Be Complex
The apparent co-expression of miR159a together with its known target DUO1 in mature pollen is also difficult to explain. DUO1 regulates the generative cell to sperm cell transition Rotman et al., 2005) and ectopic, sporophytic expression of DUO1 leads to cleavage by miR159a . DUO1 is not down-regulated in mature pollen (Rotman et al., 2005) , and we found no evidence of conventional miR159a-directed cleavage of DUO1 (Table 2) -an observation shared in recent work on the Arabidopsis 'degradome' (Addo-Quaye et al., 2008) . However, we did find incomplete DUO1 transcripts missing the 5# end cap (Table 2) , and, while the origin of these fragments is uncertain, they may result from endonuclease activity guided by small RNAs. It is thus possible that miR159a is expressed exclusively in the vegetative cell, but not in the male germline, or factors such as 'decoy' RNAs and miRNA-sequestering proteins (Franco-Zorrilla et al., 2007; Kedde et al., 2007) operate to block miR159a activity in the germline. Less is known of ARF10, a miR160 (Liu et al., 2007) , but it is perhaps significant that both DUO1 and ARF10, which are both expressed in the 'germline' and perhaps degraded in the vegetative cell, give similar ladder-like products following 5# RACE (Supplemental Figure 3) . However, why the miR-based regulation of ARF10, ARF16, and ARF17 transcripts differs so dramatically in the maturing gametophyte remains unclear.
Small RNAs in Plant Gametophytes and Animal Germlines
We present here the first account of the presence and operation of RNA systems in the haploid male gametophyte. A key finding is that expression of sRNA pathway components differs significantly from somatic tissues, mirroring germline formation and gametogenesis in other eukaryotes. We also provide the first detailed survey of miRNA expression in the male gametophyte and present compelling evidence for an active miRNA system capable of cleaving target transcripts. Indeed, our data strongly suggest that the dramatic changes in regulatory transcript level known to accompany the final stages of gametophyte development (and gametogenesis) could be mediated by miRNAs. sRNAs are pivotally important for eliciting rapid transcriptomic change and chromatin remodeling in other eukaryotic reproductive cells, and the same may be true for plants. Given the rapid evolution of miRs and miR-like sequences in plants (Allen et al., 2004; Rajagopalan et al., 2006; Fahlgren et al., 2007) , it is also likely that pollen-specific miRs exist, with the unusually high level of transposable element activity present in pollen and sperm cells providing opportunities for their genesis (Engel et al., 2003; Nobuta et al., 2007; Piriyapongsa and Jordan, 2008) , and the necessity to fine-tune levels of germline-specific transcripts. Given that animal sperm contain non-coding RNAs such as miRNAs (Yan et al., 2008) and paramutation in mice depends on transgenerational inheritance of RNAs (Rassoulzadegan et al., 2006; Wagner et al., 2008) , it will be fascinating to discover whether plant sperms transmit RNAs to initiate epigenetic and transcriptomic changes in the zygote and primary endosperm.
METHODS Plant Materials and Isolation
For array studies and RT-PCR analysis of A. thaliana small RNA pathway genes, staged pollen was harvested from A. thaliana (ecotype Landsberg Erecta) as described previously (Honys and Twell, 2004) . For all the other studies using mature pollen of A. thaliana, mature pollen was harvested from Columbia ecotype plants as previously described (Honys and Twell, 2004) .
Tobacco plants (Nicotiana tabacum) were grown under supplementary lighting (16 h) under glass at 25°C and dehiscing anthers were collected and sieved to separate mature pollen from anther material. Tobacco pollen was germinated at room temperature in 'complete medium' as described (Read et al., 1993) but without antibiotics. Sperm cells were fractionated and purified from pollen tubes that had undergone pollen mitosis II (;14 h old) as previously described (Xu et al., 2002) .
RNA Extractions, cDNA synthesis, and RT-PCRs
Tobacco pollen, pollen tube and sperm RNA were extracted using the RNEasy (Qiagen) and cDNA synthesized using the Retroscript kit (Ambion) using random decamers.
For the array work, RNA was extracted from staged pollen of Arabidopsis thaliana Landsberg Erecta as described (Honys and Twell, 2004) . 750-ng samples of total RNA were reverse transcribed in a 20-ll reaction using Superscript II RNase H reverse transcriptase (Invitrogen) as per the manufacturer's instructions. For PCR amplification, 1 ll of a 10-fold diluted RT mix was used in a 25-ll reaction and samples were amplified for 30 cycles. The histone gene H3.2 (At4G40040) was used as a control.
For the sRNA studies, total RNA was extracted from mature Arabidopsis thaliana Columbia ecotype pollen and aerial parts of mature (;6-7 week-old) flowering and fruiting plants using Tri reagent (Ambion). RNA extracts were treated with DNAse (DNA-free kit, Ambion). For amplification of pre-and pri-miRNAs, cDNA was synthesized from total RNA using the Retroscript kit and random decamers. To amplify mature miRNAs, the total RNA was size-fractionated using YM-100 filters (Millipore) to generate a ,300-nt fraction according to the manufacturer's instructions. These total RNA and sRNA fractions were used for subsequent cDNA synthesis, described below.
Tobacco pollen cDNA was synthesized from 0.5 lg total RNA but, for isolated sperm cells, cDNA was synthesized from 0.2 lg total RNA, owing to limitations of material. cDNA was synthesized using the Retroscript kit (Ambion).
To amplify mature miRNAs, cDNA synthesis was carried out using the QuantiMir kit (System Biosciences) according to the kit instructions. cDNA synthesis was performed using 78 ng sRNA from Columbia mature pollen and 78 ng sRNA from mature Columbia plants. RT-PCRs were performed according to kit instructions, using the mature miRNA sequence as the forward primer and the QuantiMir universal reverse primer.
Pre-and pri-miRNAs were amplified using 5.5 lg total RNA to synthesize cDNA using a Retroscript kit (Ambion) because of their predicted low abundance.
To ensure that no sporophytic contamination was present, RT-PCRs were performed on Arabidopsis pollen using control primers to two transcripts that are highly abundant only in sporophytic material (At3g27690, At5g38430). Similarly, RTPCRs with control primers (Ntp303) were used to ensure that vegetative cell transcripts were not present in isolated tobacco sperm cells.
5# RACE
5# RACE was performed as described in Llave et al. (2002) , with polyA RNA enriched from total RNA using the Oligotex kit (Qiagen), and 5# RACE using ;250 ng polyA RNA in the GeneRacer kit (Invitrogen). RT-PCRs for each gene of interest were performed with a single gene-specific reverse primer (GSRP1) and the GeneRacer 5# forward primer, with controls lacking GSRP1 and the GeneRacer primer. Two nested reactions were then carried out using 1 ll of initial PCR reaction with one or two non-overlapping nested gene-specific reverse primers (GSRP NEST1 and GSRP NEST2) and the nested GeneRacer 5# forward primer. A reaction lacking the nested GeneRacer 5# forward primer was used as a control. PCR products were cloned into pGemT-Easy (Promega) and sequenced.
Primer Sequences
All primers and source sequences used are listed in Supplemental Tables 4 and 5 
